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Structural modiﬁcations of ZnO single crystals that were created by the irradiation with femtosecond 
laser pulses at ﬂuences far above the ablation threshold were investigated with micro-Raman 
spectroscopy. After light-matter interaction on the femtosecond time scale, rapid cooling and the 
pronounced thermal expansion anisotropy of ZnO are likely to cause residual strains of up to 1.8% 
and also result in the formation of surface cracks. This process relaxes the strain only partially and a 
strained surface layer remains. Our ﬁndings demonstrate the signiﬁcant role of thermoelastic effects 
for the irradiation of solids with intense femtosecond laser pulses. V 2013 AIP Publishing LLC.C 
[http://dx.doi.org/10.1063/1.4807923] 
Ultrashort laser pulses are often favorable for material 
processing due to their high precision in material removal 
and small ambient damage compared to techniques using lon­
ger laser pulses.1,2 They create highly non-equilibrium condi­
tions at the surface of the processed materials, so that 
nonthermal mechanisms play a pronounced role for the dy­
namics of the excited material states.3,4 Surface instabilities 
result in the formation of regular patterns on the nano- or mi­
crometer scale under speciﬁc circumstances.5 For silicon, 
femtosecond (fs) laser pulses have been used to create arrays 
of micro-cones that drastically increase the surface-to-volume 
ratio and thereby allow one to increase the above-bandgap 
light absorption of silicon devices.6,7 Surface ripples are the 
most prominently observed surface patterns after structuring 
of numerous solids with fs laser pulses.8 ZnO is a prominent 
member of this material class, and ripple formation has been 
thoroughly studied for ZnO single crystalline materials.9–11 
In addition, optical hyperdoping of silicon using fs laser 
pulses has recently attracted considerable attention as it 
allows for the fabrication of functional layers that can be 
used in silicon-based IR photodetectors or black silicon solar 
cells.12,13 Recently, the transfer of this technique to the ZnO 
material system has been demonstrated,14 which can poten­
tially pave the way for a new doping strategy of binary oxide 
semiconductors in general. 
However, little is known about the residual strain state of 
the materials after the interaction with fs-laser pulses, which 
is important if surfaces with tailored functionalities are to be 
created. In ablation experiments on InP, Bonse et al.15 found 
that surface regions could remain under compressive as well 
as under tensile strain. These strain regions extend microns 
into the material as reported by Borowiec et al.16 Compressed 
regions were also found in silicon.17 This compression was 
explained by the recoil pressure due to the ablation. 
In this letter, we analyze fs laser pulse induced surface 
structures of ZnO single crystals in regard to residual strain 
a)Electronic mail: schneider@ifp.uni-bremen.de. 
in the surface layer. We look at surface structures induced by 
laser pulses with peak ﬂuences far above the ablation thresh­
old where no ripples form. Analyzing ZnO with respect to 
possible residual strain is especially interesting because of its 
increasing technological use for optoelectronic devices.18 
The performance of such devices may depend crucially on 
the quality of laser processed ZnO. So far, there have been 
no studies for ZnO concerning the resulting strain state due 
to ultrashort pulse processing. 
For our investigations, we used hydrothermally grown 
ZnO (Crystec GmbH, thickness 330 lm) with an epi-polished 
c-plane surface. The samples were placed in a vacuum cham­
ber mounted on a motorized xy translation stage. During the 
experiments, the pressure was kept at 2  102 mbar. A re­
generative titanium sapphire ampliﬁer system served as ultra­
short laser pulse source. The linearly polarized laser pulses 
had a duration of 100 fs at a central wavelength of 795 nm 
and were focused perpendicular to the sample surface. The 
peak ﬂuence of the Gaussian beam at the sample surface was 
(9.0 6 0.7) J/cm2, far above the single pulse ablation thresh­
old of ZnO of (0.5 6 0.1) J/cm2. This value was determined 
for our samples in a separate ablation experiment according 
to the method of Liu.19 An electronic shutter was used to con­
trol the number of incident laser pulses on the surface. 
When these laser pulses hit the surface material, light 
absorption processes will transfer enough energy into the 
ZnO crystal to ablate a certain amount of material. This abla­
tion process will form a crater on the surface. We analyzed 
the surface morphology after 1, 2, and 10 laser pulses using a 
scanning electron microscope. Furthermore, we investigated 
the craters with a Raman microscope (Renishaw RM 2000 
NUV) using a continuous wave HeCd laser emitting at a 
wavelength of 325 nm. Raman spectra were recorded across 
the fs pulse induced surface modiﬁcations. The microscope 
laser spot size was 2 lm in diameter. The spectrometer could 
resolve the shifts down to 0.2 cm1. Under the given excita­
tion conditions, a sample depth 1/a of 60-70 nm could be 
probed (linear absorption coefﬁcient a  1.6  105 cm1).20 
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All Raman spectra were recorded in backscattering geometry 
and at room temperature. 
Fig. 1(a) shows the surface modiﬁcations caused by a sin­
gle femtosecond pulse (peak ﬂuence 9 J/cm2). In contrast to 
our ablation experiments with smaller laser ﬂuences (data not 
shown), the crater structure is not the most distinctive feature. 
Instead, the surface morphology is dominated by surface 
cracks that form lamellae detached from the underlaying ma­
terial. This delamination is most pronounced in the center of 
the crater. Here, the lamella is up to 700 nm thick. Outside the 
central region, the lamellae become thinner, and the delami­
nation is smaller. Near the crater rim, only cracking of the sur­
face is apparent with no visible delamination. Since the 
phonon frequency is sensitive to lattice deformations, phonon 
Raman scattering can be used to analyze the strain state of the 
crystal. ZnO has a wurtzite structure (C6v symmetry), and 
group theory predicts phonon modes with the symmetry: A1, 
B1, E1, and E2.
21 From those modes that are Raman active, 
selection rules allow one to study the Elow 2 ; E
high 
2 and A1(LO) 
mode in z(xx)-z backscattering geometry. The circles in 
Fig. 1(a) mark the positions where Raman spectra were 
recorded. The z axis is chosen to lie parallel to the hexagonal 
c-axis. Due to the resonant excitation, we were only able to 
analyze spectra corresponding to the A1(LO) phonon mode. 
Fig. 1(b) shows the Raman shift of this mode for the marked 
areas in Fig. 1(a) across the modiﬁcations. The inset of Fig. 
1(b) displays Raman spectra for two representative positions. 
The frequency of the mode was obtained by ﬁtting a 
Lorentzian proﬁle to the measured Raman data. Within the 
mapped area on the sample, the mode shifts in total from 
smallest to largest frequency by as much as 8 cm1. 
The results point to a modiﬁed strain state of the near 
surface material causing the observed behavior, since we can 
exclude several other mechanisms for this mode shift. First, 
we can rule out that the resonant excitation of ZnO during 
the Raman measurements leads to a local heating of the sam­
ple resulting in a broadening and a shift of the A1(LO) to a 
smaller wave number. The spectra recorded at different exci­
tation intensities did not reveal any signiﬁcant shift or broad­
ening of the mode. Second, we observe no upward shift and 
broadening of the mode. Polar phonons, as the A1 mode, are 
in general sensitive to interactions with free carriers. When 
the plasmon frequency approaches the LO phonon 
FIG. 1. (a) Scanning electron micrograph 
showing the ZnO surface after the modiﬁca­
tion by a single ultrashort laser pulse with a 
peak ﬂuence of 9 J/cm2. The white circles 
illustrate the points where Raman spectra 
were recorded. (b) Line widths (top) and 
center positions (bottom) of the A1(LO) pho­
non modes as obtained from the Raman scat­
tered signal at the positions marked in (a). 
The inset shows Raman spectra measured at 
the position marked in red and blue. 
frequency, a strong coupling occurs and LO-plasmon­
coupled modes are observed.22 Due to the large plasmon 
damping, only the upper branch was observed for ZnO.23 
For increasing carrier concentrations, the observed mode is 
expected to broaden and its Raman shift is expected to 
increase.24 Therefore, a change of free carrier concentrations 
is not the reason for the shifts presented in Fig. 1(b). Third, 
phonon conﬁnement in ZnO nano-crystals would downshift 
and broaden Raman lines.25 However, we do not observe a 
broadening of the downward shifted modes. 
The different strain state is caused by uniaxial stress act­
ing on the sample surface. It has its origin in the heating of 
the sample and the ablation process due to the laser-matter 
interaction. To estimate the residual strain left in the sample 
after the laser treatment, we assume that the in-plane strain is 
isotropic, xx ¼ yy. Because of the small accessible probe 
depth, we assume further that the layer is uniformly strained. 
In this case, the out-of-plane component of the strain tensor 
zz is connected to the in-plane component xx by 
zz 
C13 xx þ yyÞ.26,27 Cij are the elastic constants of¼  C33 ð
ZnO with C13 ¼ 104.8 GPa and C33 ¼ 206.9 GPa.28 The 
strain of the crystal results in a shift of the zone center opti­
cal phonon frequencies. The magnitude of that frequency 
shift Dx in the linear strain approximation is given by29 
Dx ¼ aðxx þ yyÞ þ bzz ; (1) 
where a and b are the deformation potential constants. Under 
uniaxial strain, a ¼ 577 cm1 and b ¼ 599 cm1 are 
reported as values for the A1(LO) mode of ZnO.
30 With the 
above mentioned assumptions, Eq. (1) can be simpliﬁed to 
C33Dx ¼ a
C13 
þ b zz : (2) 
Equation (2) was used to calculate the residual strain in the 
sample. To obtain the frequency shift, the unstrained A1(LO) 
phonon frequency of 572.7 cm1 was measured at an unaf­
fected ZnO surface in the proximity of the investigated 
craters. 
Fig. 2 displays the calculated in-plane xx and out-
of-plane strain zz of a sample region treated by a single (a) 
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and two (b) laser pulses at 9 J/cm2. In both cases, the surface 
layer is compressively strained along the c-axis and as a con­
sequence is under tensile strain in the perpendicular direc­
tion. Because of the elastic constants of ZnO, the absolute 
value of the in-plane and out-of-plane components are 
almost identical. The measured values are subject to an error 
of 38%, calculated using the reported uncertainties of the 
involved constants taken from literature.28,30 
Several forces lead to a stressed surface layer during 
laser ablation. Studies have shown that, even for ultrashort 
laser pulses, a transient liquid layer is formed below the abla­
tion zone.31 The spatial intensity variation of the laser pulse 
results in a temperature gradient across the liquid layer caus­
ing thermocapillary forces. Furthermore, the ablation itself 
brings about a large recoil pressure acting on the substrate.32 
Beside this recoil pressure and thermocapillary forces acting 
on the thin transient molten layer, another source of stress 
occurs once the molten layer has resolidiﬁed. The pro­
nounced thermal expansion anisotropy of solid ZnO (Ref. 33) 
generates thermal stresses when temperature changes occur 
inside the material. As the thermal expansion coefﬁcient 
parallel to the crystal c-axis is smaller than that normal to the 
axis, the crystal will be strained compressively along its 
c-axis during the rapid cooling, matching our observations. 
When the fracture stress is reached, surface cracks will form. 
FIG. 2. In-plane xx and out-of-plane components zz of the strain tensor cal­
culated from the Raman data at the positions of the measurements on the 
samples. Shown is the morphology and the strain after (a) one ultrashort 
pulse and (b) two ultrashort pulses with a peak ﬂuence of 9 J/cm2 . 
Appl. Phys. Lett. 102, 211904 (2013) 
FIG. 3. Strain values calculated from Raman data at different spots across a 
crater created by 10 ultrashort laser pulses. 
Our results clearly show that strain relaxation via cracking 
does not compensate the strain completely and surface 
regions remain strained. The variation of the strain along the 
surface, shown in Fig. 2, might reﬂect the degree of relaxa­
tion. Strain as large as 1.8% can be found. Although no clear 
trend can be seen in the experimentally determined strain of 
the central region of the crater, an increase of the strain is 
observed near the crater rim in each measurement (Figs. 2 
and 3). In this region, no or less cracking occurred and there­
fore less relaxation took place. By applying a second laser 
pulse, the observed maximal strain value is 20% larger than 
what is observed after one pulse. This suggests strain accu­
mulation. The number of cracks is larger after two pulses 
because the thermal stress induced by the second pulse breaks 
up the existing lamellae. The accumulation of strain due to 
multiple pulses is likely to be obscured by the relaxation via 
cracking. This can be seen in Fig. 3, which shows strain val­
ues and the surface morphology after 10 laser pulses. The av­
erage size of the crack tile is now only 7.5% of the average 
size after two laser pulses, and the thickness of the lamellae 
is less than 100 nm. This is accompanied by a smaller varia­
tion of the observed strain. Excluding the crater rim, the 
measured strain values ﬂuctuate on average by 51% at the 
two pulse crater but only 19% at the 10 pulse crater. 
There are few comparable studies in the literature. For 
InP, regions with compressive as well as tensile stress were 
found near the surface of craters created by ultrashort pulse 
ablation.15 In comparison to our experiments, the peak laser 
ﬂuence used to create a crater in this experiment was only 
1.8 J/cm2. However, the ablation threshold of ZnO is 2.2 
times larger than the threshold of InP for the given laser pa­
rameters, which reduces the difference in the excess energy 
input to a factor of 2.3. Hence, there are comparable regions 
near the crater rim. Bonse et al.15 found the largest strain 
value near the crater rim, matching our observation for the 
crater structured by two laser pulses (Fig. 2(b)). In addition, 
they observed a broadening of the LO peak for the down­
ward shifted modes, which has been attributed to the pres­
ence of nanocrystalline InP. In our experiment, we neither 
found signatures of polycrystalline material near the surface 
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inside the crater nor did we detect amorphous ZnO outside 
the crater. This is due to the fact that ZnO has a large bond 
ionicity and therefore preferentially solidiﬁes in a crystalline 
phase. Furthermore, InP does not exhibit a thermal expan­
sion anisotropy, and therefore, only spatial temperature gra­
dients could contribute to thermal stress acting on the solid 
during the cooling. Simultaneously, no large scale cracks 
were observed.16 This indicates that residual strain due to 
ultrashort laser pulses might have a different, material de­
pendent origin and relies crucially on the thermal and elastic 
properties of the solid. 
In summary, we have analyzed residual strain in ZnO 
caused by the application of ultrashort laser pulses with pulse 
energies far above the threshold for ablation. Rapid cooling in 
combination with the thermal expansion anisotropy results in 
strain of up to 1.8% near the surface. The maximal residual 
strain found after two laser pulses was 20% larger than the 
strain caused by a single laser pulse of 9 J/cm2. Extensive sur­
face cracking was observed as result of stress exceeding the 
fracture limit of ZnO. These ﬁndings conﬁrm that strain is a 
signiﬁcant factor to understand accumulation effects that 
change, for instance, the ablation threshold and typically occur 
when applying multiple laser pulses on a single spot. These 
accumulation effects are important for laser processing appli­
cations, as they need to be taken into account in order to real­
ize precise material processing.34,35 In addition, our ﬁndings 
show that thermoelastic effects due to heating by ultrashort 
laser pulses play a signiﬁcant role in the interaction with ZnO. 
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